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Abstract. Waviness is an important surface parameter in gears and the capability
of measurement machines to capture this is largely unknown. The wavelengths of
interest relate to transmission error (TE) and contact stress, both of which depend
on a pair of gears and their geometry. TE directly relates to the noise and vibration
during operation and contact stress drives failure of gear teeth. Accurately capturing
the waviness wavelengths related to these parameters is consistent to geometric
product specification (GPS) which requires: (i) specification of functional parameters
(ii) description of how to measure each parameter and (iii) evaluation of parameter
measurement uncertainty. A GPS compliant method is outlined with verification by
two workpiece-like artefacts; one gear finished by surface grinding and one finished
by a superfinishing process. The method evaluates a gear measurement machine
(Klingelnberg P65) against a reference surface measurement instrument (Talysurf
Intra 50). Results show that waviness measurement depends on measurement speed,
probe choice, and strategy relating to different gear manufacturing methods. Actions
to improve the characterisation method, such as including other key performance
indicators and quantification of uncertainties, are suggested.
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1. Introduction
Users of gear products require increased power density, minimised weight, improved
efficiency, reduced costs and reduced noise from their gear drives. Furthermore reducing
material use and wastage, minimising power consumption during manufacturing is also
important. These requirements can only be achieved with support from appropriate
and effective gear metrology. Geometric product specification (GPS) compatible
measurement strategies are the way to deliver these requirements.
1.1. Geometric product specification
Historically, the quality specification of the product with existing ISO standards was
driven by the manufacturing machine tool capability. There is correlation between
gear performance and gear quality but the strength of this depends on the product’s
functional requirements [1]. GPS strategies define a system of specification which
is functionality driven [2]. In such a system it is the responsibility of the designer
to determine functional limits and define the characterisation parameters driven by
functionality. Waviness is becoming an increasingly important functional parameter to
monitor.
Ha¨rtig et al emphases the importance of determining traceable waviness structures,
and developed an Involute Waviness Artefact (IWA) with corresponding analytical
model [3]. An alternative spectral analysis method based on Bayesian statistics is
compared to traditional methods, and shows good capability of isolating the designed
waviness of the IWA. This allows traceability of waviness measurement, but does not
consider waviness from a GPS standpoint and the requirements of wavelength capability
relating to the functional performance of a gear. Additionally the dependence on a
specialist artefact is required, whereas digital methods allow more flexibility.
If the GPS methodology is to be applied systematically, a digital product definition
is needed. A complete digital product definition is a combination of the definitions of all
features and their inter relationships. This provides a convenient data exchange method
between design, stress analysis and modelling, manufacturing and geometry verification
stages.
Geometry verification defines the actual manufactured product, which includes
errors and characteristics from the manufacturing process. The actual manufactured
product may be significantly different from the ideal, design definition, potentially
resulting in significant differences in functional performance. In order to predict the
functional performance and develop characterising evaluation parameters, an extensive
testing programme has to be implemented. Such a programme could be too costly
both for high volume, low value products and low volume, high value products. Thus,
sophisticated analysis techniques may have to be employed to predict performance.
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1.2. Predicting functional performance
The functional performance of a product often cannot be determined in isolation and
is dependent on mating parts. In case of power transmission components many drive
components should be considered.
Quality of the definition of actual manufactured product depends on: the
measurement system (including operator) used to acquire geometrical measurements;
the measurement strategy; the evaluation strategy; the analysis of the measurement data
employed to extract the product definition. Tooth Contact Analysis (TCA) models are
commonly used to predict functional performance of gears. TCA simulates the loaded
gear contact from macro and micro geometry of the gear mesh. Apart from developing
the design micro geometry such as reliefs and crowning, the manufacturing process will
produce form, waviness and roughness features characteristic of that specific process
and workpiece set up. To be able to simulate the functional performance of an actual
manufactured gear mesh, its geometrical product definition must contain various surface
features generated by the manufacturing process. In turn, the measurement system
must be able to measure and characterise these surface features. The overall functional
performance of gears can be summarised by the key performance indicators (KPIs). The
KPIs considered in gear design can include:
Transmission error (TE) An ideal, infinitely stiff involute gear drive is perfectly
conjugate. TE is the relative difference in rotation between the input and output
gears due to finite stiffness, tooth modification, and manufacturing errors. Noise
and vibration emitted from the gear contact is related to TE and thus is an
important concern in mechanical power transmissions.
Contact stress Contact stress is an influential factor in various failure modes: root
bending fatigue; flank contact fatigue such as micro and macro pitting and tooth
flank initiated breakage; scuffing.
Efficiency Involute gears are inherently efficient (95 - 99%) power transmitters [4].
Some applications strive to minimise power loss, so this KPI would be invaluable
at comparing designs for such an application.
There are other KPIs which are not considered in routine gear design and commercial
TCA software. These are topics of major current research programmes and are not fully
understood [5]. For example, elasto-hydrodynamic lubrication (EHL) conditions of the
gear contact, which will influence the development of all contact related failure modes.
EHL simulations are also key to accurately predicting the efficiency KPI.
1.3. Measurement system requirement
A method to economically measure gear surface form deviations using conventional
CMM/GMM (Coordinate Measuring Machines/Gear Measuring Machines) was
developed as part of EMRP ENG56 [6]. The results include high frequency deviation
components which are known to affect gear stress and noise and vibration during
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operation. The initial research results showed the TCA models were very sensitive
to the higher frequency components of deviation. However the dynamic performance of
the CMMs and GMMs with a variety of scanning probes and their ability to quantify
these high frequency deviations used by UK industry is unknown.
The aim of this work was to develop a simple and robust measurement and
evaluation strategy which allows assessment of the capability of NGML’s GMM
to capture the broad spectrum of waviness features affecting the gear functional
performance. The methodology was demonstrated on two calibrated workpiece-like
artefacts, using two differing probe arrangements.
2. Methodology
The following methodology was used to assess the waviness capability of a Klingelnberg
P65 GMM, but could be applied to any other GMM/CMM with similar measurement
capabilities. The capability to capture the broad spectrum of waviness wavelength
features is assessed. In accordance with GPS the features which affect functional
performance of a gear need to be properly measured.
2.1. Feature wavelength requirements
Wavelength requirement is derived from KPIs TE and contact stress. These wavelengths
are independent but define the measurement capability for each KPI. The measurement
machine is required to be able to characterise the minimum wavelength of all KPI’s of
interest. Thus, if a KPI is not required for an application the measurement machine
does not need to be capable of measuring wavelengths relative to that KPI.
2.1.1. TE Typically frequencies above six times the tooth passing frequency do not
contribute significantly to noise, vibration and dynamic loading. The geometric length
associated with the tooth passing spatial frequency, or inversely the wavelength of a
meshing gear pair, is one base pitch. This is the ratio between total length of path of
contact and transverse contact ratio. Therefore the minimum wavelength limit for TE
is calculated from equation 1.
λTE =
gα
α × nh (1)
Where: λTE = Minimum wavelength for TE
gα = Total length of path of contact
α = Transverse contact ratio
nh = Number of orders captured
2.1.2. Contact stress The minimum wavelength limit for contact stress is related to
contact patch size. This can be calculated from Hertzian contact theory [7]. The
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wavelength limit is assumed equal to the full contact width for a uniformly loaded gear
pair.
λσ = 2× a (2)
Where: λσ = Minimum wavelength for contact stress
a = Hertzian contact half width
2.1.3. Measurement sampling interval To capture the wavelengths discussed above, we
must consider carefully the measurement sampling interval. If the measurement data is
to be suitable for spectral analysis, the well known Nyquist frequency criterion must be
met [8]. Therefore the sampling interval must be at least half of the smallest wavelength
under consideration. This criterion will make sure the data retains the needed frequency
content. However the amplitude of the spatial signal may not be captured properly, if
the samples do not exactly fall onto the peaks of the surface. To improve on this an
increased limit is used. Typically the minimum wavelength represented is considered as
five or seven times the sampling interval.
2.2. Workpiece-like artefacts
Two helical test gears were chosen for this investigation (the nominal geometry is
summarised in Table 1) which are used for contact fatigue and scuffing testing. The
gears are manufactured from gear steel by hobbing and grinding processes, additionally
one of the artefacts has been superfinished. Two manufactured conditions are being
evaluated: as ground and after a superfinishing process.
Using the nominal gear geometry parameters the sampling interval can be calculated
as described in section 2.1. A pinion torque of 4000 Nm, elastic modulus of 207 GPa and
Table 1. Nominal gear geometry parameters.
Parameters Symbol Values
Number of teeth z 23
Normal module (mm) mn 6
Face width (mm) b 44
Reference pressure angle (°) α 20
Reference helix angle (°) β 28.1
Base helix angle (°) βb 26.27
Centre distance (mm) aw 160
Hand of helix - (-ve) left
Root diameter (mm) df 139.697
Base diameter (mm) db 144.614
Start of active profile diameter (mm) dNf 148.481
Tip diameter/End of active profile diameter da 168.764
Start of tip relief diameter dCα 166.072
Linear tip relief (µm) Cα 50
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Table 2. Sampling interval and wavelength.
KPI Minimum wavelength (mm) Minimum sampling interval (mm)
TE 3.29 0.47
Contact Stress 0.79 0.11
Poisson’s ratio of 0.295 was assumed to calculate the Hertzian widths. A smaller torque
will decrease the minimum wavelength (as the contact patch reduces). The results are
summarised in Table 2.
2.3. Reference measurement system
A general stylus surface measurement instrument (SMI) a Form Talysurf Intra 50 was
used as a reference. This type of SMI is able to capture form, waviness and roughness of
a surface with shorter wavelength content than that of the GMM. It is assumed that the
SMI has better capability to capture the broad spectrum of waviness features, therefore
it was used as the reference measurement system for this work.
There are a number of challenges and limitations associated with comparison of
the GMM with SMI measurements [9, 10]. The references provide a detailed discussion
of the development and application of such a comparison method. This comparison
method has been used to enable the assessment of GMM capability.
2.4. NGML P65 GMM measurement system
National Gear Metrology Laboratory (NGML) use a standard Klingelnberg P65 four
axis GMM which uses involute generation measurement method to measure gear
profile form deviations. It is the UKs primary gear measuring machine and is
traceable to Physikalisch Technische Bundesanstalt (PTB), Germany for involute profile
measurement. The P65 is used for involute profile form measurement but is not used for
assessing roughness measurement capability. Uncertainty (U95) values are ±1.2 µm for
total profile deviation Fα, and form deviation ffα and ±1.0 µm for profile slope deviation
fHα (for parameters definitions see [1]). The amplitude resolution of the P65 is 3.9 nm
and a sampling interval of 57.5 µm. The sampling interval satisfies the wavelength
requirement in section 2.2. Measurements were taken at three speed settings: low,
medium and high, each commonly used by NGML. The surface scanning speed is not
quantified in the P65 but the measurement duration is roughly five times longer for the
low speed compared to the high speed.
The probe is an integral part of the measurement system and can significantly
impact the system’s capability, therefore two differing probe set ups were compared:
(i) Cranked carbon fibre composite probe with 2 mm diameter ruby ball tip. This type
of probe is used to measure internal gear teeth. The more compliant of the two
probes, further referred to as the ‘compliant’ probe. See Figure 1.
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Table 3. Measurement length and ISO 1328-1 filter cut-off length.
Parameter Start of measurement End of measurement
Diameter (mm) 148.48 166.06
Roll length (mm) 16.844 40.815
Measurement length (mm) 23.971
Start of evaluation End of evaluation
Diameter (mm) 148.48 168.764
Roll length (mm) 16.833 43.497
Evaluation length Lα (mm)* 26.663
Waviness cut-off λC (mm) 0.889
*Note: Lα defined as in ISO 1328-1:2013 3.4.1.4 and in this case is larger than
the measurement length of interest. The waviness cut-off specified above was
automatically applied by the Klingelnberg software.
(ii) Short straight steel probe with 2 mm diameter ruby ball tip. A standard probe
used to measure external gears where access to the teeth is unrestricted. The stiffer
of the two probes, further referred to as the ‘stiff’ probe. See Figure 2.
This type of measurement system is suitable for measuring form of the gear surface
and it is standard practice to apply a low pass waviness filter to the measurements.
NGML P65 GMM uses a digital Gaussian filter built-in to the machine software with
cut-off wavelength of 3.33% of the evaluation length, in accordance with ISO 1328-1:2013
and ISO 16610-21:2012 requirements [1, 11]. The filter is designed for 50% amplitude
transmission at the cut-off wavelength, equivalent to wavelengths beyond 30 orders of
the evaluation. For the workpiece-like artefacts considered, the measurement length
starts slightly before the start of active profile and ends slightly before the start of tip
relief. The measurement length analysed in this paper is different from the evaluation
length, which is used to calculate the cut-off wavelength within the Klingelnberg P65
software. For this measurement it is important to note that the filter applies 50%
amplitude transmission at the 27th order of the measurement length. The parameters
associated with the measurement length and the waviness cut-off wavelength are shown
in Table 3.
The waviness cut-off λc is larger than the minimum wavelength requirement for the
contact stress KPI. This will result in the attenuation of the signal at the wavelength
significant to this KPI. Therefore this may not be a considered a suitable waviness
cut-off for this application.
2.5. Measurement Analysis
The measurements were gathered from the two workpiece-like artefacts, using reference
Form Talysurf and P65 GMM measurement systems. The analysis focuses on the
evaluation range between start of active profile and the start of tip relief. Measurements
from corresponding flanks are compared. The process steps taken for each measurement
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Figure 1. Long Carbon Probe
Figure 2. Short Steel Probe (approxi-
mately 80 mm in length)
GMM
Measurement
SMI
Digital
removal of
involute
Mechanical
removal of
involute
Mechanical
morphological
filter
3.33%
Gaussian
filter using
P65 on-board
Klingelnberg
software
Slope misalignment correction
3.33%
Gaussian
filter using
MATLAB[12]
script
Spectral Analysis
(Hamming Window)
Figure 3. Flowchart
machine can be seen in Figure 3. The comparison involves decomposing the wavelength
spectrum by fast Fourier transform (FFT) and applying the Hamming window (scaled
for amplitude) to the spatial traces. Form removal using a straight line is performed to
minimise alignment differences between the compared measurements. Prior to spectral
analysis the measurement from the SMI are also low pass filtered using the Gaussian
filter with the waviness cut-off wavelength of the GMM, see Table 3.
The P65 uses a 1 mm radius stylus and the Form Talysurf uses a 2 µm radius stylus.
The SMI results were filtered with the same Gaussian filter and cut-off wavelength as
in the GMM results. The raw data and filtered data is presented in Figure 4. The
difference in surface finish between the ground gear and the superfinished gear can be
seen in the raw data.
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Figure 4. Raw SMI data vs filtered SMI data for (a) Ground gear (b) Superfinished
gear. SMI data was filtered using the same method and cut-off frequency as the GMM
data.
3. Results & discussions
A single flank from each of the two workpiece-like artefacts is compared. The profile
measurements are taken at the mid face width of the flank of an arbitrarily chosen
tooth. For the ground condition workpiece-like artefact tooth number 13, right flank
was chosen. For the superfinished workpiece-like artefact tooth number 1, right flank
was chosen. 30 wavelength orders were analysed as after this amplitudes are severely
attenuated by the Gaussian filter (discussed in section 2.4). The wavelength of the first
order is the measurement length, 23.97 mm, further wavelengths can be calculated by
dividing this length by the order number.
Figure 5 compares steel and carbon probe GMM measurements with the reference
SMI measurement. The differences from the stiff and compliant probe are within the
measurement uncertainty of the machine, however differences are observable. The trend
for both gears is that the compliant probe trace will lag behind the stiff probe in roll
length. The true effect is hard to distinguish due to the numerous filtering processes.
The SMI and GMM data clearly differ in form with up to 1.5 µm of difference at
the superfinished gear root. However, the waviness content is visibly replicated along
the trace and this is confirmed when the frequency content is examined. The majority
of amplitudes beyond the 5th order are less than 100 nm and at this level small changes
in magnitude will show a large relative difference, however the trends shown in the SMI
and GMM data are similar. It cannot be said whether the differences in amplitude are
significant at this stage without also investigating the phase data but it appears that
the GMM is able to capture waviness content at a level similar to an SMI.
The standard filter settings were not appropriate for the contact stress KPI as
the wavelength of interest was attenuated. This could be improved by decreasing the
cut-off wavelength. ISO 1328-1:2013 does allow a minimum cut-off of 0.25 mm (1.04%
in this case); however, applying the calculated 3.33% filter is standard in industry
and it is desirable to investigate the capability of the current measurement methods
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Figure 5. Steel vs Carbon probe for (a) Ground gear (b) superfinished gear with both
(i) measurement trace (ii) frequency content. GMM data is the medium speed trace
only.
for characterising waviness frequency content. If the KPI was to be analysed further
the cut-off wavelength needs to decrease to 2.96% with the wavelength of interest lies
between the 33rd and 34th order of measurement length. It should be noted that many
GMM’s in industry do not have the capability of changing the filter settings, suggesting
that improvement of the options offered by the measurement software can be expanded.
Figure 6 compares the measurement traces of both the compliant carbon and stiff
steel probe at three measurement speeds within the GMM, referred to as low, medium
and high. In order to highlight the response between each measurement speed the low
speed was used as a reference and subtracted from the medium and high traces. The
maximum differences caused by higher measuring speeds is within ±0.5 µm.
Although the amplitude of the differences at both the medium and high speed traces
are similar, the high speed traces have visibly higher frequency content, particularly
in the middle of roll length. This can be seen for all gear and probe configurations.
The ground gear appears to have more high frequency oscillations compared to the
superfinished gear which agrees with expectations. The superfinishing process removes
roughness peaks (see Figure 4) and thus there is less ‘real’ high frequency metal
oscillations. Therefore a greater measurement speed may be suitable for a smoother
surface compared to a rougher surface, and needs to be considered when developing
a measuring strategy. It can be seen that different probe configurations will provide
different responses depending on the measurement artefact.
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Figure 6. Probe measurement speed comparison for (a) ground gear and (b)
superfinished gear with both (i) steel probe (ii) carbon probe. Low speed measurement
is subtracted from medium and high speeds.
Comparing the stiff and compliant probe, the amplitude of higher frequency
oscillations are greater for the carbon probe for both the medium and high speed traces.
These differences, while intuitive, are not easily identified in the measurement traces or
frequency content shown in Figure 5.
Determining what false information added by higher measurement speeds or probe
configurations is difficult, and quantifying how much is permissible even more so.
4. Conclusions
A method for evaluating GMM and CMM measurement systems’ capability to detect
waviness feature content was developed. Particular attention is made to the waviness
features important for estimation of key performance indicators of geared mechanical
power transmissions. This issue is important in light of the development of GPS
parameters relating to functionality. The method uses a high capability reference
roughness measurement machine to evaluate a form measurement machine while using
standard probe configurations, measurement processes, and gear workpieces.
It was shown that all of the parts of the measurement system contribute to the
frequency content of the measurement signal. This includes:
• the measurement machine
• the probe configuration
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• the measurement speed
• the workpiece
Each of these affect the waviness measurement capability and may introduce false high
frequency oscillations. As analysis increasingly requires characterisation of waviness
wavelengths this is an important field of research for the gearing community. Although
a method has been described to quantify waviness this paper does not suggest limits for
wavelength amplitudes or other relevant parameters. These are not yet known, and is
likely the subject of future research.
For the example shown, the results show good correlation between the SMI and
GMM tested for TE KPI and thus confidence can be placed in results from the
Klingelnberg P65 GMM for these gear workpieces. In fact the order of wavelengths
for TE are relatively low and it is likely that many measurement machines may already
capture this information to a desirable level.
The contact stress KPI was attenuated at wavelengths critical to its calculation. It
is recommended that if this was to be analysed in future the cut-off wavelength should
be reduced to accommodate for this, however many machines in industry do not have
this capability and should be considered carefully.
5. Recommendations
The following recommendations can be made based on the results from these initial
tests:
(i) Develop the analysis methods further to include characterisation of other features
that may induce scuffing and micropitting failure modes.
(ii) Use the involute profile FFT analysis method to develop functional performance
related characterisation features for gears based on FFT amplitude parameters.
(iii) The measurement uncertainty of the process requires quantifying. Repeatability
data is available but a robust analysis has yet to be performed.
(iv) Consider other signal processing techniques to quantify the capability.
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